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Abstract

The purpose of this study is to demonstrate how the LOWTRAN7

computer model can be used for detection system design and

analysis. The LOWTRAN7 code is an atmospheric model that performs

low resolution calculations (20cm-1 bandwidth) to estimate

atmospheric transmittance and radiance under a given set of

conditions.

Generic imaging and non-imaging systems are analyzed. A

hypothetical figure-of-merit is evaluated for each type of system

using the transmittance and radiance calculated by LOWTRAN7. The

figure-of-merit calculated for the imaging system is contrast, the

difference between the target and background i put signals divided

by the target input signal. The figure-of-merit evuluated for the

non-imaging system is the change in signal (CS), the difference

between the input signal with the target in the field-of-view and

the input signal without the target in the field-of-view divided by

the input signal without the target in the field-of-view.

Changing atmospheric, target, and background characteristics

in LOWTRAN7 has different effects on the figures-of-merit. The

characteristics tested are: background emissivity, target

temperature, boundary layer aerosols, atmospheric profiles,

relative humidity, and absolute humidity. Two different sensor-

target geometries using different paths are studied. Unexpected

effects due to multiple scattering are found.

ix



THE USE OF THE LOWTRAN7
ATMOSPHERIC TRANSMITTANCE AND RADIANCE

COMPUTER PROGRAM FOR DETECTION
SYSTEM DESIGN AND ANALYSIS

I. Introduction

The purpose of an electro-optic system is to

discriminate, recognize, or identify a target from other

sources in its field-of-view. Atmospheric conditions can

significantly influence how well a system can perform such

missions. A key consideration in the evaluation or design of

a system is the extent to which the atmosphere affects its

ability to discriminate a target. The LOWTRAN7 computer

program is an atmospheric model that calculates transmittance

and radiance for a given set of conditions. The purpose of

this project is to demonstrate how LOWTRAN7 may be used in

system analysis and design to determine a system's

effectiveness under a given set of atmospheric conditions.

An electro-optic system can be modelled as a single

equivalent lens and a detector plane. The lens focuses

radiation onto the detector or detector array, which produces

an electrical output proportional to the incident radiation.

The types of detector materials used in this study are Indium

Antimonide (InSb), Platinum Silicide (PtSi), and Mercury-

Cadmium-Telluride (HgCdTe). There are two general types of

systems considered in this paper: an imaging system, which

1



i utilizes an array of detectors, and a non-imaging system,

* which utilizes a single detector.

To describe a system's efficiency in performing a desired

task, some aspect of its performance must be measured under a

given set of conditions. This measured parameter will be

i referred to as the system's figure-of-merit. Figures-

of-merit are used to compare the performance of similar

systems. Typically, the signal to noise ratio (S/N) is used

as a system figure-of-merit, frequently in the form of a noise

equivalent parameter. Noise is not considered in this study.

Rather, simpler figures-of-merit are used to demonstrate the

influence of the atmosphere on each system's ability to

I discriminate a target and to allow a comparison of the

i different detector materials utilized. The two figures-of-

merit used in this study are not all that must be considered

when analyzing a detection system. Other figures-of-merit

give different information about the capabilities of the

i system. For the purposes of this study, however, only one

i figure-of-merit for each system is calculated and examined.

An integral part of designing a system or analyzing its

3 performance is being able to estimate the influence of the

atmospheric conditions. Th following picture will be

i considered. A detection system is aimed toward a target.

Both are positioned in some geometry relative to the earth and

each other. Many sources of radiation are in the system's

field-of-view. First, thermal emission from the boundary,

3 2



(whatever is at. the end of the path, which could be a target,

background, cloud, atmospheric layer, etc.), is present. The

target produces the signal the system is looking for, and the

* background signal is produced by anything in the target plane

surrounding the target. The backgrounds used in this study

3 are vegetation and snow and they are assumed to be uniform.

Thermal emission also comes from the particles that lie in the

path between the boundary and the sensor. Second, the system

will "see" solar or lunar radiation that in scattered from the

boundary and scattered from the particulate in the path. The

radiation from any of these sources may scatter into or out of

the path; if the atmospheric particle density is high, the

radiation will very likely be scattered more than once.

(Scattering is analogous to colliding billiard balls, and

results in a redirection of the colliding radiation. The more

3 billiard balls are present, the more collisions will occur).

All of the previously mentioned sources of radiation are

U spectral, that is, they vary depending on wavelength.

As the various beams of radiation travel through the

atmosihere, their characteristics are distorted by their

3 encounters with atmospheric constituents, causing emission,

scattering, and absorption. The fraction of radiation from

3 any point in space that reaches any other point in space is

the transmittance. The transmittance depends on the

particular atmospheric path, and what lies in the path. It is

also a spectral quantity.

I 3
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I The LOWTRAN7 computer code may be operated in one of two

primary modes to calculate radiation and transmittance. The

output of the first mode is the separate spectral

3 transmittance through the atmospheric constituents and the

total spectral transmittance. The second mode estimates the

total spectral transmittance, as well as the amount of

reflected radiation from the boundary, thermal radiation from

the boundary, scattered radiation from the path, and thermal

radiation from the path that reaches the electro-optic system

(sensor). The radiation is reported in terms of an equivalent

spectral radiance. The program has a low resolution (20 cm-I')

and is therefore useful only for broadband applications.

This project illustrates how to obtain radiance and

transmittance information from the LOWTRAN7 computer model and

use it in generic system design and analysis problems.

Prudent assumptions necessary for program utilization are

discussed. Some detection system analysis is performed, the

methods used are reported, and general trends found are

discussed to indicate the kinds of information the user can

obtain from this type of analysis.

I 4



II. Background

This chapter gives background information about detection

systems, radiometry, and the LOWTRAN7 computer model.

A. Detection Systems and Radiometric Calculations

There are two generic types of detection systems that are

used in this project: an imaging system and a non-imaging

system. In the infrared, the 3-5Mm and the 8-12Am bands are

Iused in detection systems because they are atmospheric

transmission windows. Three of the most popular detector

materials used are shown in Table 1 (1). Each of these is

employed in this study to demonstrate how program information

helps determine each material's strengths and weaknesses in

different situations.

Table 1

Applicable Detector Materials

3 Material Band Used Typical Ouantum Efficiency

InSb 3-5 Am q - 0.65
PtSi 3-5 Mm n(l) = 0.31(l-0.1691)2hc/eA

I HgCdTe 8-12 Am - 0.50

The following is a description of the imaging and non-

imaging systems, and the figures-of-merit used for each.

Radiometric calculations used to evaluate signals produced in

5
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detection systems (including the dependence of the signal on

the detector material used) are explained. Using knowledge

about the system and knowledge of radiometry, the specific

figures-of-merit calculations are developed.

i. General Detection Systems.

a. Imaging System.

The generic imaging system is composed of a lens and two

or more detectors (an array), as shown in Figure 1. Each

detector "sees" one segment of the whole picture, which is

called an instantaneous field-of-view. The primary assumption

made is that the target is large compared to the instantaneous

field-of-view.

II

OPTIC DZTECTRS
TAR TI

SEVSOR

BACZGROURD OR

DETCTIO STSTEN

I Figure I AN IMAGING SYSTEM
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If the radiance from the target, (a particular object in

the field-of-view), is different than the radiance from the

background, (whatever is in the target plane besides the

target), and the target is large compared to the instantaneous

field-of-view, then the current output from the detector that

sees the target will be different from that of the detector

that sees the background. The larger the difference between

the radiances, the easier it is to discriminate a target.

There are other terms that contribute to the radiance incident

on the detector, thereby contributing to the output signal.

Two other terms that are calculated in LOWTRAN7 and used in

this study are the solar radiance scattered by the particles

in the path and the thermal radiance emitted by the particles

in the path. The contribution from these terms is the same

for any side-by-side detectors.

It is assumed, then, that one detector's footprint (the

footprint refers to the area of the target-background plane in

the detector's field-of-view) covers only target material and

another detector's footprint covers only background material

(see Figure 1). The output of the first detector is caused by

target reflected, target thermal, path scattered, and path

thermal radiances. The output of the second detector is

I caused by background reflected, background thermal, path

scattered, and path thermal radiances. The two output signals

from the detectors can be compared to see how much difference

there is between them.

7
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I Figures-of-merit describe how well a detection system can

perform the task of discrimination. A figure-of-merit that

-- can be used in the comparison discussed above is contrast.

For this study, contrast is defined as follows:

Contrast= S ignalt,,pt -S ignalbgh t Eq (1)
Signalt,pth

where signal refers to the output signal of the detector.

(From this point forward "target" (tg) will include both

I target thermal and target reflected radiance unless otherwise

indicated. The same will be true for "background" (bg).

"Path" will include path thermal and path scattered radiance

unless otherwise indicated). The contrast may be negative if

the target signal is less than the background signal; but as

indicated in Equation 1, all contrasts are reported as

absolute values for the purposes of this paper. The

evaluation of the output signal is discussed in the next

3 section.

b. Non-Imaging System.

A non-imaging system consists of a lens and one detector

(see Figure 2). The primary assumption made for this system is

that the target is small compared to the field-of-view (as

opposed to the large target - footprint ratio assumed for the

previous system). The way the system determines if a

particular target is present is that the target radiation adds

3 (or subtracts) enough radiation to the total background

8



U radiation that it is apparent that something else is in the

field-of-view.

I0
TARGET

POV OPTIC DTCOR

BACKGROWD

Figure 2 A NON-IMAGING SYSTEM

When a target enters the field-of-view of a non-imaging

system, the output of the sensor changes because the strength

of the radiation from the entire field-of-view changes. With

no target present, the output signal is due to a sum of the

3_ following: the background emitted radiance, the background

reflected radiance, the path thermal radiance, and the path

I scattered radiance. When the target is completely in the

field-of-view, the output signal is a sum of the following:

the fraction of the background emitted and reflected radiance

3 that is not blocked by the target, the target thermal and

reflected radiance, the path thermal radiance, and the path

3 scattered radiance. The output signal for each situation may

9



be calculated and the difference between them reported as the

1 change in signal (CS):

CS= Signalbpt -Signal +p.th Eq (2)
Signal+....

where "signal" is the output signal of the detector. This is

the figure-of-merit used for the non-imaging system in this

study.

Before specific contrast and CS equations are shown, some

basic radiometric calculations of output signals will be

described.

ii. General Radiometry.

To evaluate the previously mentioned output signals and

figures of merit, the following assumptions and equations are

used. The scenario is set up as follows:

I .FIELD-OF-VIEV (VOLUNE)

- OPTIC DETECTOR

I FOOTPRINT (AREA)

I RANGE
Figure 3 GENERAL DETECTION SYSTEM SCENARIO

1



The optic transmittance is assumed to be non-spectral. The

field-of-view is the cone of space that the sensor "sees",

defined as

A Eq (3)

where

wr A is the area subtended on a sphere of radius R, or

the area of the target-background plane that

the system sees if the viewing angle is small

(footprint)

R is the range from the optic to the source

The target radiance within the field-of-view is assumed to be

uniform over the target. Far field approximations are also

made. From the knowledge of the irradiance incident onto the

I optic, the relationship between power and irradiance, and

neglecting refraction effects, the current produced from the

I detector by radiation from the instantaneous field-of-view is

1,
i (1) =AOQi;OVT01,R (1) L(X) -c (1) dA Eq (4)

I where

Ao is the area of the optic

I nFO is the field-of-view

TO is the transmittance of the optic

I R(I) is the responsivity of the detector

I 11
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I L(l) is the radiance from all of the sources in the

field-of-view, including the path (assumed uniform

over the field-of-view)

3 r(A) is the atmospheric transmittance

3 If there is a uniform target in the field-of-view which

is small compared to the whole field-of-view, the output

3 signal produced by it is

ig A- Ltg(1)()R(1)dL Eq (5)

where

A. is the projected target area in the line of sight

3 R is the range to the target

Ltg(1) is the radiance from the target

(This is assuming no path contribution, which is not

3- necessarily a realistic assumption.)

The current integral of Equation 5 may be expressed

another way. For a Lambertian blackbody

.M(A)= L(A) Eq (6)

The ideal photovoltaic photon detector responsivity, R(l), is

related to its quantum efficiency by the relation

R( e ( )  Eq (7)hc

12



where

e = 1.6022 x 10"19C (electron charge)

h = 6.6261 x 10"3Js (Planck's constant)

c = 2.9979 x 10"4gm/s (speed of light)

By substituting Equations 6 and 7 into Equations 4 and 5, the

output current can be expressed in terms of a parameter called

the scaled count rate (SCR):

ib()) C A veSCR(I) Eq (8)
hc c

and

ig(1) = rAcASCR(A) Eq (9)

tg hcitR 2

The SCR is defined as

1, 123SCR=[SCR (1) d)X=[M(1) r (1)riX00)1dX Eq (10)

I"

where

n(l) is the quantum efficiency of the detector at

the wavelength of interest

I(l) is the atmospheric transmittance from the
target to the detection system

M(A) is the spectral exitance (2)

The SCR is analogous to the current output of the detector;

however, instead of being a measurement of current, it is a

13



count of the photoexcited electrons in the detector when the

radiation is incident upon it.

iii. Figures-of-Merit Calculations.

Now that methods of calculating the signal are known, the

figures-of-merit are specifically calculated as follows.

a. Contrast.

Two values must be known to calculate the contrast:

1) The SCR of the detector that "sees" only the

background

SCRci=7 [ (Lh(X)+LbU(1)) (X)t(X))dX Eq (11)

2) The SCR of the detector that "sees" only the

target

x,
SCRC2=7'f (Lp.h(6)+Ltg(X)) Tj(1),(1),Xd1 Eq (12)

10

The contrast is then:

Contrast=I SCRCI-SCRc21 Eq (13)SCRC2

b. CS.

In the non-imaging system, the target is assumed to be

much smaller than the footprint of the detector. The ratio of

14



the output signal produced by the target to the output signal

produced by the whole field-of-view when the target is not

present--assuming that the background fills the footprint

area--is given by

-SCR

tg Signal - R g"pt Eq (14)

whole Signal - ovSCRg+ PahI
I where

As is the projected target area

I Af is the footprint area

Since n FOV - Af/R 2
1
, and R is assumed constant (the target

I and background lie in the same spherical surface about the

sensor), the above ratio is given by

tg Signal - A.SCRtg t nh Eq (15)
whole Signal AfPSCRbg+path

It is assumed for this study that the target area is 1%

of the footprint area:

=0. 01 Eq (16)AfP

Based on this assumption, the fraction of the area oL the

background that contributes to the signal when the target is

in the field-of-view is 0.99.

15
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I When evaluating the CS, two values for the signal must be

* calculated.

1) The SCR when the target is not in the field-of-view

I
12

SC~s=41 (gfl)Lgef(X)+LPat ac't (.X Eq (17)

•+Lt th.() ) (1) -r (1) Ld)L

The radiance contributions are thermal and reflected

background radiances, and path scattered and path thermal

radiances.

2) The SCR when the target is in the field-of-view

SCRCB=Ir[ (Lpath thm() +Lpath cat() (1) r (A) I&

+7 0.1 (Lbg thrm(1) +Ltge 1(1)) (1) (1) d Eq (18)

1,
+7C f 0.9 9 ki bg t=h (1) +Lb ,f, (X) n(1) (1) AdA

The first term in Equation 18 is the path contribution from

the entire field-of-view. The second term is the target

contribution from 1% of the footprint area. The third term is

the background contribution from 99% of the footprint area.
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I The CS is then

CS=  CRC 1  Eq (19)SCRCOI

If the CS is negative, this indicates that the target's

presence causes a decrease in the signal. This happens when

the target signal is smaller than the signal from the

background. To determine if this will be the case, one can

compare the radiances of the target and background. If the

target radiance is less, this will cause the CS to be

negative.

According to Equations 11, 12, 17, and 18, the

[L(X)*7(l)] term from the following sources must be known to

calculate the contrast and the CS: target thermal, target

reflected, background thermal, background reflected, path

thermal, and path scattered. LOWTRAN7 calculates an

"effective spectral radiance", I(l), or [L(X)*r(X)], for each

of the previously mentioned sources. This is discussed in

much more detail in section B of this chapter.

iv. Single and Multiple Scattering.

An important consideration when estimating the figures-

of-merit using the LOWTRAN7 code is multiple scattering.

Scattering occurs when the electric field of an incident beam

causes the bombarded particle to oscillate at the same

frequency and then reradiate at that frequency. When the

entire effect is considered, therp is no net change in the

17



I internal energy of the particle (3). (Absorption, on the

other hand, directly changes the internal states of the

particle.) In addition, when the particle density of the

scatterer is low enough, it can be assumed that the

reradiation will not be rescattered by any other particles.

_ This is called single scattering. Multiple scattering occurs

when the particle density is higher, and the reradiated beam

hits more particles and is therefore scattered more times (3).

Radiation may be scattered into or out of the path.

LOWTRAN7 gives the user a choice of a single and multiple

scattering model, and the choice is dependent on the

situation. For example, when looking near the sun at high

noon, the path traverses relatively less atmosphere at lower

altitudes than when looking near the sun at sunset, thus the

particle density in the path is lower, and single scattering

is a good approximation (4). Conversely, when looking

through clouds or thick fogs, particle density is high;

I- therefore, single scattering would be unacceptable, and

multiple scattering should be used (4). A synopsis of when

and when not to consider multiple scattering is found on page

40 and 41 of the LOWTRAN6 Technical Report (4).

Multiple scattering may degrade or improve the figure-of-

merit. The multiple scattering mode takes considerably more

time to run in the program, thus it is not used in the figure-

of-merit analysis. However, several tests are made and

discussed in Chapter 6.
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- B. LOWTR7

i. General Information.

To evaluate the figures-of-merit, various transmittances

and radiances must be known. This section gives specific

3 information about LOWTRAN7 including transmittance and

radiance output descriptions and calculations.

The LOWTRAN7 model has evolved through more than six

other versions in over a twenty-year period. It is a complex

I synthesis of many models and experimental data that have

3 accumulated throughout the years. The program calculates

spectral transmittance, spectral radiance, and spectral

3 irradiance with a moderate resolution of 20cm "1 . It performs

the calculations from 0 to 50,000cm"1 (approximately 0.2Am to

I infinity). A primary assumption made is that the atmosphere

is divided into 33 uniform layers: 1km thick up to 25km, 5km

thick from 25 to 50km, 10km thick from 50 to 70km, and the

3 last layer extends from 70 to 100km. The aerosols are divided

into four uniform layers: 0-2km (boundary layer), 2-10km

3 (upper troposphere), 10-30km (lower stratosphere), and 30-

100km (upper atmosphere) (4).

The program used in this project is a PC version. The

mainframe version was given to WPAFB staff meteorologists by

AFGL. The people at WPAFB modified some of the code to make

it into this particular PC version. The Tape 5-8 outputs are

the same for both programs. The Tape 6 output corresponds to

the .prt file in the PC version used.
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At the time of the completion of this document, a letter

of errata for the mainframe version was received by the author

from AFGL, dated 10 September 1990. The new program had not

yet been sent to Wright-Patterson AFB. Space-to-ground

geometries and solar scattered radiance calculations were

among the parts of the program affected.

Since the program has been routinely revised, no complete

user's manual currently exists. This paper contains a lot of

information about running the program, primarily in Appendix

A. There are also many other sources of information that are

described in Appendix B.

ii. LOWTRAN7 Outputs.

LOWTRAN7 gives the following output information for a

specified set of parameters: total transmittance,

transmittance of each constituent, aerosol-hydrometeor

absorption, integrated absorption, atmospheric radiance, path

scattered radiance, ground reflected radiance, total radiance,

integrated radiance, incident solar irradiance ("solar"),

transmitted solar irradiance, integrated solar irradiance, and

integrated transmitted solar irradiance. Each of these

I quantities is given at each incremental wavelength. This

3 project's mission, in part, is to explain clearly what the

transmittance and radiance outputs mean and how they can be

best utilized.
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- a. Transmittance.

1. Description.

The transmittance terms in this program are defined as

follows:

Total transmittance: the total fraction of the

signal that will reach the sensor.

3 Transmittance of each constituent: the separate

transmittances of eight different constituents as well as

trace elements.

2. Calculations.

Transmittance is the fraction of the energy from the

target that will reach the sensor. The LOWTRAN7 program

calculates the total average transmittance across a

user-specified range, v, to v2, by taking two averages.

The first average is the average transmittance taken over

the incremental Av, which in this program is fixed at 20cm-.

The program takes the average transmittance calculated over a

3 20cm"' bandwidth around a given v. (This is a broad Av,

compared to the narrow spectral line of a laser, for instance,

3 but it is a moderate resolution that was chosen for this

code). In this calculation, the transmittance is a function

of a wavelength-dependent absorber coefficient, temperature,

pressure, concentration of absorber (which determines the

effective path length), and an empirical constant, which is

dependent on the type of constituent (5). The program then
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I steps up 20cm 1 (or a step size chosen by the user) and does

the same calculation over the 20cm 1 bandwidth (see Figure 4).

i

I

Figure 4 SUMMATION OF AVERAGE TRANSMITTANCES

The next average is the average transmittance across the

entire wavenumber range specified by the user (v, to v2 ). The

3 second average is determined by taking the area under the

curve in the figure above, which is just an integral (or

I summation), and dividing it by the distance across the

horizontal axis, which is the user-specified wavenumber range,

V1 to v2; the average T in Figure 4 is

* V2

f (v)dv Eq (20)

V2-V1

(keeping in mind that each value of r(v) is itself an average

over the 20cm 1 interval).

The process is repeated for each atmospheric constituent,

to achieve a final total average transmittance (5):

r (V ) = 1 (V) *-"( ) -* Eq (21)
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IIn summary, the transmittance mode basically gives the

3 spectral transmittance for each atmospheric constituent and a

total spectral transmittance. The transmittance data is not

necessary for the calculations in this project, because it is

accounted for in the radiance calculations, as described in

the next section; however, this mode is extremely useful in

determining which atmospheric constituents are affecting the

transmittance, thus affecting the contrast and CS, and the

transmittance mode is used for that purpose in this paper.

b. Radiance.

To calculate the contrast (Equations 11 and 12) and the

CS (Equations 17 and 18), the L(1)*7(A) terms must be known.

For each source, LOWTRAN7 actually calculates an "effective

radiance", -I(), which is the radiance from the source at a

given range if there was no atmosphere between the source and

the sensor to affect the signal. Hence, I(1)=L(A)*r(X) in

Equations 11, 12, 17, and 18. The I(1)'s needed for the

calculations are from the following sources: boundary (target

and background) emission, boundary reflection, path

scattering, and path emission. The following is a description

of the I(A) terms in LOWTRAN7 terminology, and some

explanation of how they are calculated.

1. Description.

The Total Radiance calculated in the LOWTRAN7 program is

a sum of three different radiances when the solar/lunar
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contributions are included: the Atmospheric Radiance, the

Path Scattered Radiance, and the Ground Reflected Radiance.

The output lists the radiances spectrally, then gives the

maximum, the minimum, and an integral sum. The following is

a discussion of the Atmospheric, Path Scattered, and Ground

Reflected Radiances, what they physically represent, and

parameter dependencies.

Atmospheric Radiance is defined as "all thermal radiation

i emitted by the atmosphere or by the boundary (and thermal

radiation scattered by the atmosphere or reflected by the

3 ground)" (6). It includes all thermal radiances: radiance

emitted by the boundary and the path, and thermal radiance

I scattered by the path and reflected by the boundary (Figure

5). It is calculated in the "radiance" and the "radiance with

solar/lunar scattering" modes, and is the same value in both

cases, as it does not depend on solar/lunar effects.

SENSOR

THERMAL SCA"TERED " T1E

THERMAL REFLECTED
THERMAL EMITTED I

GROUND (TARGET)

Figure 5 ATMOSPHERIC RADIANCE

I The calculation of the Atmospheric I(v), the effective

3 thermal radiance, depends on two inputs: SALB (surface, or
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I boundary, albedo) and TBOUND. TBOUND is the temperature of

the boundary, which is anything at the end of the path. SALB

stands for surface albedo, which is a non-spectral measure of

reflectance. SALB is misleading, because actual inputs are

average reflectivities over the waveband of interest.

Reflectivity is a spectral quantity, as is emissivity, defined

I by:

b:( ) = -P (00Eq 
(22)

The reflectivity cannot be input spectrally so it is referred

to as SALB. As the SALB increases, the value of the

Atmospheric Radiance decreases. This is because as SALB

increases, emissivity decreases, and the thermal radiance is

lower with a lower emissivity. As temperature increases, the

thermal radiance increases.

j The Atmospheric Radiance is the sum of a path thermal

radiance and a boundary thermal radiance, where the boundary

i (which is whatever is at the end of the path, the target, the

background, an atmospheric layer, etc.), is specified by

TBOUND and SALB, i.e., its temperature and average

reflectivity. In some cases, such as when evaluating the CS,

it is necessary to know only the path thermal radiance or only

i the boundary thermal radiance. The separation is made as

follows. If SALB and TBOUND are set to 0, then there is no

thermal radiation reflected or emitted by the boundary. The

output is then only the path thermal radiance. The difference
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Iof the sum of the path and the boundary and just the path is
then the thermal radiance due only to the boundary.

When solar/lunar effects are included, two more effective

radiance terms are calculated. The first is Path Scattered

Radiance, which is defined as the solar radiation scattered by

the atmosphere (6). Path Scattered Radiance is not at all

* affected by the boundary when only single scattering is

considered. (Single scattering accounts for radiation

3 scattered into the path; multiple scattering accounts for

radiation scattered into or out of the path (7)). When

I multiple scattering is calculated, however, there is a

dependence on SALB (but not TBOUND). Since more radiation is

reflected from the boundary, if the boundary has a higher

emissivity, path scattered radiance increases as SALB

increases, as long as multiple scattering is considered.

Physically the multiple scattered path radiance includes the

radiation that is scattered by the atmosphere and then

scattered by the ground or another particle to hit the sensor

(it also accounts for the radiation that is scattered out of

the path) (7). The single path scattered radiance is

3 represented in Figure 6, and the multiply scattered path

radiance is shown in Figure 7. The contribution from the

I radiation scattered from the ground depends on the SALB and

3 the geometry of the situation (4).

26



I I"" SENSOR

I

GROUND (TARGET)

Figure 6 SINGLE SCATTERED PATH RADIANCE

SUN I 
SENSOR

SINGLE I

As-'NGLE OUT

HULTIPLE

IULTIPLE

GROUND (TARGET)

Figure 7 MULTIPLE SCATTERED PATH RADIANCE

The final effective radiance term in the Total Radiance

is the Ground Reflected Radiance. It is the solar radiation

I reflected by the boundary (6). It does not depend on TBOUND

but it does depend on SALB (which is physically obvious - it

is not emitted, just reflected). As SALB increases, Ground

Reflected Radiance increases. The "direct" component is the
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radiation from the sun that is reflected by the ground toward

the sensor. The "indirect" component (in the output "direct"

and "total", which is the sum of the direct and indirect, are

given) is the solar radiation reflected by the ground then

scattered by the atmospheric constituents toward the sensor

(keeping in mind that the radiation can be scattered both into

and out of the path if multiple scattering is used) (see

Figure 8) (7) . When single scattering is used, therefore, no

indirect component is calculated.

Q 5213OR Q SE SOR

GROUND GROUND

DIRECT INDIRECT

Figure 8 GROUND REFLECTED RADIANCE, DIRECT AND INDIRECT

The Ground Reflected Radiance is not part of t he path

radiance at all. The indirect term is generally a small

fraction of the total Ground Reflected Radiance.

Table 2 is a summary of how each type of radiance is

affected by an increase in the surface albedo under the

conditions tested in this paper. These results hold true in

both the 3.3-4.2 and the 8-12Am wavebands.
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Table 2

The Effect of Increasing SALB on Radiance Calculations

Radiance Single Multiple
Source Scattered Scattered

Atmospheric Radiance I
Path Scattered Radiance t
Ground Reflected Radiance t t
Total Radiance 4 4

At wavelengths above 3Mm, thermal contributions are dominant

(at temperatures of 2980K used in this paper). In the 8-12

band, both the path scattered radiance and the ground

reflected radiance are negligible.

All three effe-tive radiance terms are then added to get

the Total effective Radiance (given in both Watts/cm2-sr-gm

and Watts/cm2-sr-cm'1).

2. Calculations.

The Atmospheric Radiance calculations are performed in a

very similar manner to the transmittance calculations. Over

a 20cm "1 interval, the program calculates the average

Atmospheric Radiance at the wavenunber v as follows (5)

1

I (V).JdiaB(vTS+B(vT) Eq (23)

where

I(v) is the effective radiance (see pa,e 23)
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fa is the average transmittance due to absorption

(and the differential is over one atmospheric layer)

- is the average transmittance due to scattering

Ft =F * T. is the average total transmittance

b Ttb is the average transmittance from the

observer to the boundary

B(v,T) is the Planck blackbody equation at

temperature T and wavelength v

Tb is the temperature of the boundary (5)

A numerical representation and explanation of Equation 23

is as follows. There are several layers of atmosphere through

which the beam is travelling:

BOUNDARY

i,-i T,

T1z

GROUND

Figure 9 ATMOSPHERIC PATH

Each layer has an average temperature (T,) and an average

I transmittance (r,). The first term in Equation 23 may be

evaluated numerically as a sum of the average transmittance

across each isothermal layer times the Planck function

evaluated at the average temperature of that layer and a
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I wavenumber, v. The sum is added to the boundary contribution,

evaluated by the second term in Equation 23. The numerical

equation is

lIv)=i (i (lB T(i)+T(i+l) ( (i)+t 9 (i+l) E
I 2 2 q

(24)

+B(v, Tb)(2

I N is the number of layers and i represents each layer (8).

The first part of the equation describes the atmospheric

contribution to the radiance, which includes the thermal

* radiation scattered by particles in the atmosphere and the

thermal radiation emitted by particles in the atmosphere. The

second part is the contribution of the boundary (6). B(v, T)

is assumed to be slowly varying over v = 20cm "I, so the average

I value of the radiance is approximated using the average

transmittances, which are calculated by the LOWTRAN7 model

over each 20cm "1 (6). A summation (integration) of the second

term is not necessary because (a) the boundary temperature is

assumed constant, (b) B(v, T) is assumed to be varying slowly

I over v, and (c) the transmittance is already averaged.

LOWTRAN7 can calculate either the first or both terms

directly (over a 20cm "1 interval), and the second term

indirectly (the user must separate the two thermal radiances

as discussed above).

I The next two radiances account for solar or lunar

radiation. Calculations for them are more complex and are

described in detail in the L0WTRAN6 Technical Report (4).
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I All three average terms, evaluated at the center wave-

number of a 20cm"I bandwidth, are then added to get an average

total radiance at that wavenumber.

I C. Overview

The next three chapters explain the use of the LOWTRAN7

program, based on the information presented in the background.

Chapter 3 describes the three specific scenarios used in

this project. It gives specific values for the input

I parameters. (More specific information about the input

process is in Appendix A.) Chapter 3 also explains the

methods of calculation used in this study.

* Chapter 4 is an analysis of the first type of detection

system - the imaging system - using the LOWTRAN7 model. It

* gives an analysis of the results as they are reported.

Chapter 5 is the same as chapter 4, except that a non-

imaging detection system is used.

Chapter 6 is an analysis of the effect of multiple

scattering on detection systems.

Chapter 7 gives conclusions and suggestions about the

LOWTRAN7 program and its use, and ways to expand this study.

Appendix A is a complete description of the input process

for this project. Appendix B gives sources of information.

Appendix C lists data calculated throughout this study. In

this paper there are many terms used, some of which have

definitions specific to this paper; these are listed in

Appendix D.

32



I

III. Scenarios and Calculation Methods

I Scenarios

In this study, two different sky-to-ground geometries are

studied to demonstrate the use of LOWTRAN7. The results are

reported to demonstrate what information can be obtained from

this type of analysis rather than to provide specific numbers.

The following are the parameters used in the two

scenarios studied. In the first scenario, the target is

located on the ground at sea level, and the sensor is at a

3 slant path of 23km at an altitude of 7km (see Figure 10). The

slant path is used so that refraction effects are considered.

23 ka 7 Is

BOUIDARY

Figure 10 SCENARIO 1

The sun, in the daytime scenario, is directly over the sensor.

To estimate the sun's position, the location of the target is

at the equator on the prime meridian (00 latitude, 00

longitude) at 12:00 noon Greenwich time, at approximately the

day of the vernal equinox. Either equinox would suffice to

provide maximum solar irradiance. At night, it is assumed
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I that there is no moon (or starlight, which is a very small

contribution, and is not calculated in the model). In the

3.3-4.2Mm band, InSb and PtSi detectors are used. In this

portion of the 3-5 band, the transmittance and the contrast

are largest (2). Hence the 3.3-4.2 band is used in this

study. In the 8-12Mm band, an HgCdTe detector is utilized.

The target has a temperature of 2980K and a constant

reflectivity of 0.32 across both bands (This is not a very

realistic assumption. Real measurements, especially in the

8-12 band are difficult to take. When reflectivities are

measured, they may be very specific, and can often only be

found in classified literature). The background, whose

i temperature is 298'K, is an average of vegetations: grass,

green coniferous twigs, and maple leaves, and the reflectivity

is a function of wavelength (9). Averages of the

vegetation reflectivities are taken over 5Am bands and then

all three numbers averaged. Each final average over the 5gm

band constitutes one value of SALB for one run over the 5gm

band; the runs are then combined for the entire band being

considered. The average reflectivity input for the vegetation

varies from 0.07 to 0.17 across the 3.3-4.2 band, and from

0.04 to 0.11 across the 8-12 band (9). Snow is much more

complex than a certain type of vegetation, however, and after

reviewing literature by Berger and Turner, a constant value of

0.02 was chosen for both wavebands (a very rough estimate, and

it is also not realistic to put snow at the equator) (9, 10).
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The reflectivity of snow depends on many things, such as the

time of day and the snow's density and age; for real

information one must know the real situation (10).

Multiple scattering is chosen for some runs in order to

determine its contribution under different circumstances. A

Irural aerosol model with 23 kilometers meteorological range is
used for the baseline. No clouds or rain are present.

In scenario 2, which is used in the non-imaging system

1 tests, the sensor is 18 kilometers directly over the target

(see Figure 11). All other. parameters are the same as

scenario 1 except the target temperature is 4000K.

18 ka

I Figure 11 SCENARIO 2

Calculation Methods

The purpose of this section is to demonstrate how all of

the previous information, the detector materials, the

radiometry, the figures-of-merit, and LOWTRAN7 I(X)

I calculations, are put together to calculate average contrast

and CS values.

The SCR's needed to calculate the contrast and CS, given

Iby Equations 13 and 19, depend on 1) the L(X)*r(l), or I(X)
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(effective radiance) calculated by LOWTRAN7, and 2) the

responsivity, or q(l)*I, of the detector material, shown in

Table 1. The following is an example of how the data is put

together to calculate average contrast and CS values discussed

in the next three chapters.

In this example, contrast is calculated for scenario 1,

daytime, using a PtSi detector in the 3-5 band. The

I responsivity, or n(A)*A, is shown in Figure 12.

0A

0.09 -

0.07

R o.o o6

0.03 -

0. 02

0.01 -

0
3 3.2 34 36 3.6 4 42 44 4.6 4.8 5

WAVELE rH Cuwf

Figure 12 n(l)*X VS WAVELENGTH FOR PtSiI
In Figure 13, the I(l) calculated by LOWTRAN7 is plotted

for the following sources: target emitted and reflected,

background emitted and reflected, and path emitted and

scattered.
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The spectral data points in Figures 12 and 13 are

multiplied to obtain the spectral SCR's for the target+path

and the background+path sources (see Figure 14). The solar

scattered and reflected radiances, as well as the thermal

radiances, are included because this is the day scenario. If

I it were the night scenario, only the thermal I(I)'s, or the

Atmospheric Radiance values, would be included.

0. l0.1 - -- -- - - - - - - - - - -

0.15 6.- - if
0.14.= .. A

0.15 - ---

I" I
0.11 --

S 0.1 --
0.09 -1 0.09 --
0.07

0.06 -- -

0.05- - - - - - - - - - - - -

0.04- - - - - - - - - - - - - - - - - -

0.03 "

0.02-FF

3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5

WAVELENGTH CWarm)
TARGET + VEG BACCKGROUND

Figure 14 SCR'S FOR DAYTIME, SCENARIO 1, PtSi DETECTOR

Equation 13 is then used to calculate the contrast, which

is just the difference between the two curves divided by the

value of the target curve, at each wavelength. The average,

which is just a sum of those values divided by the number of

values, is then calculated over the 3.3-4.2 band.
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For more information about the situation, the

transmittance mode is run. It calculates separate spectral

I transmittances for each atmospheric constituent in the

program. Figure 15 shows transmittances for several

constituents.

0.3 -

I0.29-

0.1N

o

3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.08

WAVELENGH Cum)

P TOTAL + H20 OZONE H2 COWT

Figure is TRANSMITTANCE VS. WAVELENGTH FOR SEVERAL
ATMOSPHERIC CONSTITUENTS, AND TOTAL SPECTRAL
TRANSMITTANCE, SCENARIO 1

From Figure 15, it can be determined which constituents

are key players in transmittance degradation for a given

waveband and situation. All of the previous calculations are

done using a L0TUS spreadsheet to obtain the results presented

in the next three chapters.
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IV. System 1: An Imaging System

Contrasts

In this chapter, the contrast for an imaging system is

analyzed using scenario 1. To demonstrate some of the

I versatility of the LOWTRAN7 program and the variety of

information it can provide, the following parameters are

varied: background emissivity; boundary layer aerosols;

atmospheric profiles; relative humidity; and absolute

humidity. Trends are analyzed and the two wavebands are

compared. The final section compares the PtSi and the InSb

detectors.

Before examining the contrasts, an important point should

be made about the SCR, which, as previously defined, is the

number of photoexcited electrons produced in the sensor by the

3 incoming radiation. The size of the SCR varies depending on

the detector material and the situation, and is an important

consideration in detection system design that is not examined

3 in this report. In the results of this paper, the magnitude

of the SCR varies for the following reasons. The quantum

efficiency of the PtSi detector is lower than that of the InSb

in the 3-5 band by a factor of about 10, thus its SCRs are

about a factor of ten smaller than the SCRs when the InSb

detector is used. At higher wavelengths, since the wavelength

is multiplied in the SCR equation, the SCRs may be higher in

the 8-12, HgCdTe case than in the 3-5, InSb case, under
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similar conditions. Another important influence on the size

of the SCR is the environment. When heavy aerosols are

present, for example, the transmittance decreases, thus

decreasing the size of the SCR. Although this study analyzes

relative SCR magnitudes rather than actual SCR magnitudes, the

same methods may be used to examine SCR values.

i. General Results.

The following are general results found using scenario 1.

The background SCR is actually higher than the target SCR

in all cases tested using the imaging system, except in the

daytime scenario in the 3.3 to 4.2 band. The reason for this

is that the sun radiates at a peak wavelength of 0.5Mm,

whereas the earth's thermal radiance, at approximately 2800K,

peaks at approximately 10gm (11). At wavelengths above

4pm, thermal contributions are doninant. Thermal radiance is

also the dominant source of radiance at night. The amount of

thermal emission is greater if the emissivity (c) is higher

(and if the temperature is higher, but temperature is not

I varied in the imaging system tests). The emissivity in all

cases tested is higher for the background than for the target

in both wavebands. The background SCR is therefore higher

I when thermal radiance is dominant (at night and in the 8-12

band). In the daytime in the 3.3-4.2 band, the addition of

solar radiation causes the total target radiance to become

greater than the total background radiance because of the

target's higher reflectivity.
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In the 3.3-4.2 band, the nighttime contrasts are

approximately half the value of the daytime contrasts. This

result is due to the difference between the target and

background emissivities, their temperatures, and the addition

of solar (reflected) radiance during the day. Changing any

one of these variables changes this result, as is shown in the

next chapter.

In the 8-12 band the day and night contrasts are

basically the same, as thermal effects are completely

dominant. The day and night 8-12 band contrast values match

very closely the nighttime values using the InSb and PtSi

detectors in the 3.3-4.2 band. This would change if target or

background temperatures or emissivities changed.

ii. Varying Background Emissivity.

Two different backgrounds are tested in scenario 1:

vegetation (used as a baseline throughout this study), and

snow. They are assumed to have a spatially uniform

temperature and emissivity. The difference between them is

i their reflectivity, with the vegetation having a higher

average reflectivity, thus a lower emissivity, than the snow.

Figure 16 is an example of the results, showing the SCR

difference between the target (temperature=298K and R=0.32, as

defined in Chapter 3) and the vegetation background in the 8-

12 band using an HgCdTe detector. The remaining graphs are

shown in Appendix C, Figures Cl, C2, and C3.
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With the vegetation background, the average contrast is

approximately 21%. With the snow background, the average

contrast is approximately 25%. Since target and background

I temperatures are the same, the larger the difference between

their emissivities, the greater the contrast.

Also shown in Appendix C, Figures C4 through ClI, are the

differences between targets and vegetation/snow backgrounds in

the 3-5 band. Table 3 shows the average contrasts over the

3.3-4.2 band. Once again, the contrasts are greater with a

snow background than with a vegetation background.
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Day and Night Contrasts with
Vegetation and Snow Backgrounds

* DAY

Detector Material Vegetation Snow

InSb 44% 59%
PtSi 51% 63%

NIGHT

Detectr.- Material Vegetation Snow

InSb 25% 31%
PtSi 25% 32%

I In the daytime, when th., reflected solar radiance is the

larger contribution, the larger difference between the target

and snow reflectivities causes the contrast to be greater than

with a vegetation background. This result would be difficult

to estimate, but is readily obtained from LOWTRAN7 results.

iii. Varying Boundary Layer Aerosols (IHAZE).

Another parameter that can be varied in LOWTRAN7 is the

boundary layer aerosol content. Aerosols are dispersed

particles in the air. In the LOWTRAN7 program, 0 to 2km is

3 defined as the boundary layer. Different environments dictate

what type of aerosol is dominant in the boundary layer. In

3 the maritime environment, salt is an effective aerosol. In

the urban environment, pollution is in the air. In the desert

environment, sand is an effective aerosol (and there is more
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I of it in the air as the wind speed increases, as is clearly

* seen in the results). The following is a discussion of what

happens to the contrast when different boundary layer aerosols

3 are present. The choices tested are shown in Table 4.

Table 4

IBoundary Layer Aerosols Tested
Number Aerosol LOWTRAN7 LOWTRAN7

on Graphs Type Default VIS Tnputs

1. rural VIS=23km IHAZE=I
2. maritime VIS=23km IHAZE=4
3. desert VIS=65.806km IHtAZE=10, WSS=5m/s
4. desert VIS=16.346km IHAZE=I0, WSS=20m/s
5. rural VIS=5km IHAZE=2
6. urban VIS=5km IHAZE=5

VIS is meteorological range.

Shown in Figures 17, 18, and 19 are the average contrasts

using InSb, PtSi, and HgCdTe detectors respectively.
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* The maximum difference between the contrasts in the

3 3.3-4.2 band is approximately 22%. Aerosols become an

important factor in some cases. For example, if a system

3 needs a 20% contrast to discriminate the target from the

background, it would be useless in the presence of the last

I three aerosols. In the 8-12 band, all the contrasts are

around 20% or less, rendering the system completely useless.

An important point demonstrated in these results is that

the change in contrasts is not directly proportional to the

change in VIS (meteorological range). This indicates the

3 dependence of contrast on aerosol size and type. Again, these

are difficult calculations easily performed with

LOWTRAN7.

iv. Varying Atmospheric Profiles (MODEL).

In the LOWTRAN7 program, there are six choices for

atmospheric models. The following is a demonstration of the

3 effect of changing the atmospheric model. The models tested

are shown in Table 5.
3 Table 5

Atmospheric Models Tested

I Number LOWTRAN7
on Graph Model Description Input

1. tropical MODEL=1
2. midlatitude summer MODEL=2
3. midlatitude winter MODEL=3
4. subarctic summer MODEL=4
5. subarctic winter MODEL=5
6. 1976 U.S. standard atmosphere MODEL=6
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The type of model defines the atmospheric profile used in the

calculations. For example, a subarctic climate has cooler

temperatures and less water vapor than a tropical climate

3 (12). The 'tropical' latitude is 150N, the 'midlatitude'

latitude is 450N, and the 'subarctic' latitude is 60ON (12).

I Figures 20 through 22 show the contrasts calculated.
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IThe largest difference in the contrasts are between the

tropical model and the subarctic winter model. This is

expected, since the tropical model and the subarctic winter

model have the largest temperature (thus pressure, water

vapor, and constituent profile) differences (12).

I One interesting point is that in the 8-12 band, the

contrast when using the tropical model drops more than in the

3.3-4.2 band. Since nothing about the target and the

background changes, the decrease in contrast must be caused by

a decrease in the transmittance. When the transmittance mode

is run and the constituent transmittances are examined, it is

seen that water vapor causes the transmittance to drop more in

the 8-12 band than in the 3.3-4.2 band when going from the

subarctic winter to the tropical model, because the water

vapor continuum causes a very large decrease in the 8-12 band

and a relatively small. decrease in the 3.3-4.2 band. The

tropics have higher humidities than other models, so the

effect of water vapor and the stronger effect of the water

3 vapor continuum in the 8-12 band is more noticeable (12).

v. Varying Relative Humidity.

LOWTRAN7 allows the user to input relative or absolute

3 profiles. This subsection describes the effects of varying

the relative humidity on the contrast detected.

3 Relative humidity is "the ratio of the actual vapor

pressure of the air to the saturation vapor pressure at the

ambient air temperature" (13). When the relative humidity
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increases, and the air approaches saturation, the particles in

3 the air actually grow because they begin to stick together.

The growth is exponential with the increasing relative

3 humidity. With relative humidities above 75%, the particles

become large enough to have substantial scattering effects

(14). Therefore, relative humidity is a primary factor

in the amount of scattering that occurs (15).

Relative humidity is measured in percent and entered in

the bottom 6 layers only in this test. The relative

humidities above 6km are deferred to the 1976 U.S. Standard

Atmosphere (MODEL=6). The values of relative humidity for

3 each of the first six layers are increased from the standard

atmosphere mclel value by a constant percentage for each run.

The percentages of increase are: 10%, 20%, 30%, 40%, and 48%.

The results for this test are shown in Table Cl in

Appendix C. As expected, the contrast decreases as the

relative humidity increases. This effect is more apparent in

the 8-12 band as the water vapor continuum is again the

dominant factor. In the 3.3-4.2 band, the drop is

approximately 3% from the two outer points. In the 8-12 band,

the same drop is approximately 8%. In all of the 8-12 band

cases, the contrast detected is below 20%. Using the LOWTRAN7

program, it is fairly easy to input any relative humidity

3 profile to calculate its influence on transmittance.
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Ivi. Varying Absolute Humidity.

3 Absolute humidity is "the mass of water vapor in a unit

volume of air" (13). The units used in this test are

grams/meter3. When looking across the desert, the air may

look very clear, and the relative humidity may be fairly low.

I If the temperature is high, however, the air can hold a lot

-- more water vapor (therefore having a higher absolute humidity)

and this can reduce the transmittance significantly. In this

manner, changing absolute humidity primarily affects molecular

absorption (13).

Absolute humidity profiles can also be modified using the

LOWTRAN7 program. In this study, the absolute humidity is

increased from the standard atmospheric model value by a

Iconstant percentage for each run for the first 6km of the

atmosphere. Its value above 6km is deferred to that of the

1976 U.S. Standard Atmosphere. The percentages of increase

are: 10%, 20%, 30%, 40%, and 50%.

The program calculates a relative humidity for each

atmospheric layer based on the absolute humidity and the

temperature of that layer. The relative humidities calculated

are lower than those tested in the previous section. Changing

the absolute humidity by the above percentages only changes

I the relative humidity by a few percent.

3 The results of this section are shown in Table C2 in

Appendix C. As in the relative humidity tests, the contrast

-- decreases as the absolute humidity increases, and the 8-12
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band is affected more than the 3-5 band due to the water vapor

3 continuum.

The changes when varying the absolute humidity are

3 slightly greater than the changes when varying the relative

humidity which is consistent with a result previously reported

by Condray (16). This indicates that varying absolute

humidity (thus the amount of molecular absorption) has more

affect on the amount of radiation transmitted at these

wavelengths than varying relative humidity (thus the amount of

scattering). This is expected, since scattering has more

affect on the wavelengths from the visible to the near IR

(-.4m to 3Am) than in the longer wavelength region used in

this study.

vii. InSb vs. PtSi.

LOWTRAN7 helps make comparisons between different

detector materials. The difference between InSb and PtSi,

3 based on the assumptions used in this study, is their quantum

efficiencies (see Table 1). The responsivity of PtSi is

plotted in Figure 12 on page 37. InSb responsivity, given by

Equation 8, is plotted in Figure 23. Since thermal

contributions are increasing across the 3-5 band, and the

responsivity of InSb is increasing, as opposed - that of

PtSi, InSb should be affected more by thermal contributions

than PtSi. Conversely, solar contributions are decreasing

across the 3-5 band, so PtSi should be more sensitive to solar

radiation.
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LOWTRAN7 results used in the contrast equation

demonstrate quantitatively the effect of each material's

different sensivity in different situations. During the

daytime scenarios, the contrast using PtSi is approximately 5%

higher than that when using InSb. At night the two detectors

give about the same contrast, and since no thermal variations

I are tested, the InSb is not expected to change. These results

are compatible with the expectations.
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V. System 2: A Non-Imaging System

This chapter discusses the results when the CS is

Icalculated using a non-imaging system.
When CS is calculated for scenario 1, the values are

negligible. The reason that the CS is so small, even when

contrasts may be as much as 50%, is because of the basic

assumptions made when defining the imaging and non-imaging

systems. In the imaging system, the target is large compared

to the instantaneous field-of-view. The input signal across

each of the entire fields-of-view compared is different. In

the non-imaging system, the target is small with respect to a

single detector's field-of-view. Only a small fraction (1%)

of the input signal of the field-of-view changes. The

difference that the change in the small fraction makes is

negligible when the target and background are so similar (as

in scenario 1).

Scenario 2 is used to show that under more realistic

conditions, a CS can be measured. In scenario 2, the range is

shortened from 23km to 18km, so that the footprint of the

* sensor is smaller and the target area is more realistic (the

* target area is still assumed to be 1% of the footprint area).

A vertical sky-to-ground path is used, and the target

temperature is increased to 4000K.

These results demonstrate the difference that changing

one scenario parameter (target temperature) and the figure-of-
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merit measurement can make. For the CS evaluation, the

baseline test is run using the rural aerosol with a 23km

meteorological range and a vegetation background. The next

test is changing the background to snow. The next six tests

are the CS calculated from the two boundary layer aerosols

with the largest difference in contrast, the two atmospheric

models with the largest contrast difference, and the two

relative humidities with the largest difference in contrast.

The results are shown in Table 6.

Table 6
Average CS Calculated Using Different Variables in
Scenario P. in the 3.3-4.2 and 8-12um Wavebands

Variable InSb Day InSb PtSi Day PtSi HgCdTe
3.3-4.2Am Night 3.3-4.2Am Night Day 8-

3.3-4.2Am 3.3-4.2Mm 12Mm

Baseline 9.20 16.57 9.09 17.52 1.34

Snow 13.22 15.18 13.75 16.15 1.27
Back-
ground

Desert, 9.82 16.66 9.84 17.60 1.36
WSS=5m/s

Desert, 7.68 13.94 7.59 14.78 1.04
WSS=
20m/s

MODEL= 8.41 13.79 8.30 14.33 .89
tropical

MODEL= 9.90 18.05 9.75 19.13 1.51
subarct.
winter

Rel Hum 9.32 16.75 9.25 17.73 1.33
Increase
10%

Rel Hum 8.73 16.21 8.62 17.07 1.17
Increase
48% 1
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I i. General Results.

In scenario 1 the target and background temperatures are

the same, but in the current scenario they are approximately

1000 K different. Changing the temperature causes significant

differences in these results as compared with those in the

previous chapter, but by using the LOWTRAN7 program to do the

calculations, the effects are easily evaluated. The

temperature difference means a difference between the target

and background thermal radiances. As a result, two

significant differences from contrast results are seen.

I The first noticeable difference is that the CS in the 8-

12Mm band is very small compared to the CS in the 3.3-4.2

band. To explain this result, the blackbody curves for the

target and background radiances multiplied by their respective

emissivities are plotted in Figure 24.
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The higher temperature of the target, in spite of its

lower e, causes its curve to be much larger than that of the

background. The actual difference between the target and

background is higher in the 8-12 band, but since both signals

are smaller in the 3.3-4.2 band, the percent difference is

greater. Thus, a larger CS is measured in the 3.3-4.2 band.

-- The second difference is that the nighttime CS values are

much higher than those in the daytime in the 3.3-4.2 band, as

opposed to the results of the previous section. In the

daytime scenario, total radiance is increased by the addition

I of solar radiation, so that, even though the target signal

increases slightly more because of its higher reflectivity,

the fraction of change is smaller. Thus CS calculated is less

than in the daytime.

ii. VaryinQ Background.

Changing the background from vegetation to snow yields

different results from those in Chapter 4. These results are

difficult to predict or explain, but by examining the output

of the program, they are fairly easily understood. Table 7

shows only the effective radiance values from LOWTRAN7 at one

wavelength, but the reasons for the CS values calculated can

be understood by examining their relative sizes.
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Table 7

Effective Radiances for Veqetation and Snow Backgrounds
at 4um Obtained from LOWTRAN7

* Effective Radiance Vegetation Snow Background
(W/cm2-sr-gm) Background

3 Target Thermal .000824 .000824

Background Thermal .000051 .000055

Target Reflected .000069 .000069

Background .000019 .000004
Reflected

Target Total .000893 .000893

Background Total .000070 .000059

The target thermal radiance is completely dominant over any

other radiance. As background emissivity is increased (from

vegetation to snow), its thermal radiance increases very

slightly. So the nighttime CS decreases as the target and

background radiances become closer together. In the day

scenario, as background emissivity decreases (from vegetation

to snow), its reflected radiance decreases more than its

thermal radiance increases, decreasing the total background

radiance. This makes the difference between the target and

background radiances greater. Thus, when using a background

with a higher emissivity, the daytime CS is greater. The

difference between the day and night values of the CS is

explained in section i., using the blackbody curves.
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Im iii. Varying Boundary Layer Aerosols (IHAZE).

j Atmospheric Models (MODEL). and Relative

Humidity.

3 Changing the boundary layer aerosol, the atmospheric

profile, and the relative humidity have the same effects on CS

calculations as they do on contrast calculations, but to

different degrees because of the different scenario, as shown

in the data tables. LOWTRAN7 is useful in determining the

quantity of change for any given situational change.

iv. InSb vs. PtSi.

The additional effect of solar contributions in

I calculating the CS, as discussed above, is to degrade the

CS. When PtSi is used, there is more degradation in the CS,

which is expected since the PtSi depends more on solar effects

n than the InSb. The InSb shows a slightly lower CS than the

PtSi at night. This is probably because the background

5 emissivity is higher, making its thermal radiance closer to

that of the target, thus reducing the CS, illustrating that

the InSb is more sensitive to thermal effects. Again,

3 LOWTRAN7 is very useful in analyzing the effectiveness of

different detector materials in different situations.

I
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1 VI. Single and Multiple Scattering

I The effect of multiple scattering on figures-of-merit is

3 extremely difficult to predict. This chapter describes some

trends found in this project. The primary purposes of this

3 chapter are to demonstrate the necessity, when using LOWTRAN7,

of considering multiple scattering effects, and to demonstrate

I how useful it is in analyzing this difficult problem.

SALB

One factor that affects multiple scattering is the SALB

I (average boundary reflectivity). The SCR, calculated at one

I wavelength where the contrast corresponds to the average

contrast across the band (3.3-4.2 and 8-12Am) is plotted as a

3 function of SALB for the daytime InSb case in Figure 25.

Plots for the night InSb, day PtSi, night PtSi, and day HgCdTe

cases are shown in Appendix C, Figures C12 through C15.
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I (In these tests, a ground-to-space vertical geometry is

used with the baseline parameters). Several trends are

present in the results. First of all, the multiple scattering

I adds more to the SCR as the SALB increases. When the SALB is

higher, more solar radiation is reflected and multiple

scattered. Secondly, the multiple scattering effect is

3 greater in the 8-12 band than in the 3.3-4.2 band. Another

effect is that multiple scattering adds a larger absolute

3 amount of input radiance in the daytime case, as is expected

since solar radiation adds to the amount of radiation that can

be multiple scattered.

A fourth effect is that the addition of multiple

scattered radiance causes the radiance value to increase.

Single scattering predicts radiation being scattered into the

path, whereas multiple scattering predicts radiation being

scattered into and out of the path (7). One would expect,

therefore, that the multiple scattered value would be lower.

Initial validation tests run by the LOWTRAN7 experts at the

Geophysics Laboratory used a geometry opposite of that used in

the present work - looking from the ground to the sky. In

I cases tested there, the multiple scattering radiance was

3actually lower than the radiance calculated without it (7).

The program authors assumed that different geometries would

3 not change the fact that the radiance decreases with the

addition of multiple scattering; however, the trials presented

in this chap"er, as validated by Geophysics Laboratory on 26
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September, show that multiple scattering causes an increase in

the radiance. This effect is as yet unexplained.

Concentrations of scatterers at different points in the path

I cause different effects, so the situation is much more complex

than it appears at first glance. This contradiction

demonstrates the difficulty in predicting the effect of

multiple scattering.

Another point to be noted is that because of the

3 dependence of multiple scattering on SALB, if the target and

background reflectivities are different, multiple scattering

affects them differently.

Aerosols

A second parameter that affects multiple scattering is

the atmospheric density. The effect of increasing the

atmospheric aerosol density and using multiple scattering

versus ingle scattering is demonstrated in the following

comparisons. The rural, 23km VIS aerosol, (baseline) and the

high wind desert aerosols are compared. The contrast using

scenario 1 is calculated and the CS using scenario 2 is

calculated. The results are given in Tables 8 and 9.
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* Table 8

Multiple Scattering Effects on Contrast CalculationsI In~b Usingi Scenario 1
Inb InSb PtSi PtSi HgCdTe

Day Night Day Night Day
Variable (3.3- (3.3- (3.3- (3.3- (8-

_______ 4.2Mm) 4. 2;m) 4.2Mum) 4.2Mm) 12Mim)

Baseline/
Single

Scattered 44.22 25.00 50.98 25.58 21.63

Baseline/
Multiple__ ___ ____ ___

Scattered 46.34 20.19 50.05 21.05 16.35

Desert,I Wind Speed
= 20m/s
single
Scattered 24.49 10.47 27.70 11.12 7.15

Desert,
Wind SpeedI = 20m/s
Multiple
Scattered 40.36 16.67 43.08 17.20 10.39
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ITable

Multiple Scattering Effects on CS Calculations
Using Scenario 2

3 InSb InSb PtSi PtSi HgCdTe
Day Night Day Night Day

Variable (3.3- (3.3- (3.3- (3.3- (8-
4.2Mm) 4.2Mm) 4.2Mm) 4.2Mm) 12Mm)

Baseline/
Single
Scattered 9.20 16.57 9.09 17.52 1.34

Baseline/
Multiple
Scattered 10.02 16.33 10.09 17.28 1.38

Desert,
Wind Speed
= 20m/s
Single
Scattered 7.68 13.94 7.58 14.78 1.04

Desert,
Wind Speed
= 20m/s
Multiple
Scattered 25.30 13.48 27.05 14.31 1.04

The results in Tables 8 and 9 demonstrate the variety

of effects caused by adding multiple scattering to the

calculations. Among the differences, there are several

trends shown in the above results. One is that the high

aerosol scenario (desert) is affected much more than the low

atmospheric density scenario (rural), which is expected.

The other effect is that when the density is higher, the

contrasts and the CS are improved. The reason for the

second effect is that under windy desert conditions, the

transmittance is decreased. The transmitted radiance is

decreased, so the output signal of the detector is
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Idecreased. The percent difference between the target and
3 the background signals is therefore greater, increasing the

contrast or CS. This is a case where, even though the

3 figures-of-merit used in this study indicate good results,

it is important to evaluate other figures-of-merit that

consider the size of the input signal necessary for

discrimination. Day and night scenarios nre influenced

differently under different conditions. Multiple scattering

also affects the 3-5 and 8-12 wavebands differently. The

LOWTRAN7 program is extremely useful in handling the

complicated analysis of multiple scattering.
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VII. Conclusions and Recommendations

The LOWTRAN7 computer model provides useful information

3 for electro-optic system design and analysis. In this

project, the atmospheric transmittance and radiance

information provided by LOWTRAN7 is used to estimate electro-

optic system performance using hypothetical figures-of-merit.

The methods used in the analysis are described, and general

trends are found and identified to illustrate the type of

information this analysis provides.

In the generic imaging system, the figure-of-merit used

is contrast. Using LOWTRAN7 radiance and transmittance

outputs and the quantum efficiency of the detector material,

the SCR can be calculated for one detector that sees only the

target and an adjacent detector that sees only the background.

The contrast, which is the average difference between the two

signals divided by the target signal, is calculated. For

contrast evaluation neither specific system information nor

the actual current output of the detector needs to be known.

Many of the conditions that affect the SCR, thus

affecting the contrast can be varied in LOWTRAN7, such as:

background emissivity; boundary layer aerosols; atmospheric

profiles; relative humidity; and absolute humidity. This

paper describes what information can be determined from

LOWTRAN7 by changing the previously mentioned conditions.
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- The characteristics of a background that affect the

amount of contrast are its temperature and its emissivity.

When target and background temperatures are the same, the

larger the difference between their emissivities, the larger

the contrast.

IAnother factor that affects the amount of contrast is the
type of boundary layer aerosol. Contrast change is not

directly proportional to the change in meteorological range,

Sbecause it depends on the size and type of aerosols present,

and the waveband of interest.

I Varying the atmospheric profile (with the MODEL input)

3 also changes the amount of contrast. This change depends

heavily on humidity: in the subarctic winter where the

humidity is the lowest, the contrast is the highest; in the

tropical model where the humidity is highest, the contrast is

I lowest. This could be a very important consideration when

designing an electro-optic system to be used in tropical

latitudes - the system's efficiency, especially in the 8-12

band (as the water vapor continuum has a significant effect in

this range) could be less than its efficiency under standard

atmospheric conditions.

Increasing relative humidity increases the scattering

effect, thus decreasing contrast slightly. It affects the

3 8-12 band more than the 3-5, again because of the absorption

in the 8-12 band by the water vapor continuum.
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Increasing absolute humidity increases molecular

absorption, especially in the 8-12 band, thereby reducing the

contrast.

The greater sensitivity of PtSi to solar reflected

radiation causes it to show approximately 5% more contrast

than the InSb detector in the daytime. At night, both

detectors show approximately the same contrast. The LOWTRAN7

calculations of the relative thermal and reflected radiance

sources help to demonstrate the different detectors' strengths

under different conditions.

In the non-imaging system a useful figure-of-merit is the

change in signal (CS), which is the difference between the

signal with and without the target divided by the signal

without the target. Since a basic assumption of the second

system is that the target is very small compared to the

I footprint area (as opposed to system 1), there is a dependence

on range (not seen in system 1). An assumption made in this

study is that the target and background lie in the same plane,

which is fixed. Under this assumption, only the ratio of the

target area to the footprint area needs to be known. If the

target is assumed to be completely in or completely out of the

field-of-view, and the ratio of the target area to the

footprint is known, Equation 19 is used to calculate the CS.

When the CS is calculated in scenario 1 above, with the

target approximately 1% of the footprint area, there is

basically no CS. The reason that system 2 will see no
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- discernable change in signal, even when system 1 will see a

30-40% contrast, is due to the primary assumption made about

each system. In the imaging system (system 1), it is assumed

that the target is large relative to the footprint of the

detector. A contrast is made between the output signals

produced by one footprint filled with background and one

footprint filled with target. In the non-imaging system

(system 2) it is assumed that the target is small relative to

the footprint. A comparison is made between the output

signals due to one footprint filled with background and one

Ifootprint filled with background except for 1%, and that 1%

has the target signal. In the non-imaging system, therefore,

changing the already small target radiance by a small amount

produces little change in the whole input signal, resulting in

little change in the output signal of the detector.

When scenario 2 is tested, with a 4000K target at 18km

that has an area 1% of the footprint area, there is a

detectable signal change in the 3.3-4.2 band, but only a very

small change in the 8-12 band. (The 3.3-4.2 band is used

throughout this study because it shows the best contrast and

the most transmittance.) In the 3.3-4.2 band, the daytime CS

for the conditions tested is about half the nighttime CS

(unlike the results from system 1). This is due to the fact

3 that even though there is more actual change in the signal

during the day, the slar contribution to the input signal is

3 much larger. The percent change is, therefore, quite a bit
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-- smaller. In the cases tested, it would be easiest to see the

target in the 3.3-4.2gm band at night. Thesc results

demonstrate how changing one parameter or the figure-of-merit

definition can significantly alter the results. It also

demonstrates the usefulness of LOWTRAN7 in adapting to

different situations.

Changing atmospheric conditions, as in system 1, produces

the same general trends. Varying boundary layer aerosols

varies the CS. Using atmospheric models with higher

humidities decreases the CS. Increasing the humidity

decreases CS. The only difference from the contrast trends is

the different background emissivity (snow vs. vegetation).

When the temperature difference, the emissivity difference,

and the reflectivity difference are all consideredin the

waveband of interest, the snow-background CS is larger than

the vegetation-backgi ind CS during the day but smaller than

the vegetation-bpckground CS at night. This result would be

difficult to predict, but the program is extremely useful in

determining it.

The CS may be a positive or a negative number. According

to Equation 19, it is positive (the signal increases when the

target enters the field-of-view), if tha target signal is

higher than the background signal; and vice versa. In

scenario 2, the target thermal radiance is higher because the

target is hotter, and the target reflected radiance is higher,

so the CS is positive in all cases tested.
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H Multiple scattering effects (which are not generally

considered in this analysis) may degrade or improve the

contrast or the CS. Multiple scattering has a greater effect

when the atmospheric density is higher (i.e., in the presence

of greater relative humidity or more aerosols) and when the

SALB input is higher (because there is more reflected radiance

* to multiple scatter). These effects are difficult to predict,

and should always be used or checked for any type of LOWTRAN7

* radiance use.

In summary, there are many atmospheric, target, and

background characteristics that affect a detection system's

performance, and LOWTRAN7 is extremely useful in evaluating

these effects.

Suggestions/Recommendations

For further investigations of using LOWTRAN7 to evaluate

detection systems, it may be interesting to study several

* things.

A good way to check the accuracy of the program for the

purposes presented in this paper would be to compare LOWTRAN7

predicted results with results using real scenario parameters

and a specific system. Another interesting topic is noise.

Noise may come from the detection system or from the scenario.

No matter what the contrast or the CS is, if the noise is too

I high, the target cannot be discriminated. Noise is a critical

factor to consider when evaluating a detection system, and a
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I noise analysis could be performed in the form of an

* appropriate figure-of-merit.

As shown in Chapter 6, multiple scattering has very

3 unpredictable effects, and should always be checked when using

LOWTRAN7. An evaluation of trends of the multiple scattering

effects as predicted by LOWTRAN7 in various situations,

including with different viewing directions, would be an

extremely interesting and useful study.

Three recommendations about th. program are suggested by

this study. One is that a common PC version for all users

I would be beneficial. With different programs and different

sets of errata, comparisons are more difficult to make. The

common version could have separate output files, one in gm and

one 'n cm"I , that are in ascii format for easy importation into

other programs. Another suggestion is that some way to input

i a variable reflectivity be devised. Even averages made for

the snow and vegetatIon used in this project vary quite a bit

(9). A third suggestion is that a comprehensive updated

LOWTRAN7 manual be written, containing sections of detailed

calculations, sections of general explanation, and quirks in

running the program.
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Appendix A: Input Parameters

The basic instructions for how to run LOWTRAN7, such as

I specifically what inputs are necessary, are outlined in the

LOWTRAN7 Technical Report (6). The purpose of this appendix

is to step through the input parameters, show how they were

input for this study, and make some points, or in some cases,

reemphasize points in the instructions in the LOWTRAN7

Technical Report about the inputs used in this project (6).

The input section is divided into five "cards" and several

subcards that may or may not be used depending on what the

primary inputs are.

Card 1

The first parameter in Card 1 is MODEL. This determines

what atmospheric model is used in the calculations. In this

scenario, the 1976 U. S. Standard Atmosphere, MODEL=6, is

I chosen for all baseline tests.

The next input is the type of path, ITYPE. The choices

are: 1) horizontal (constant-pressure) path, 2) vertical or

slant path between two altitudes, or 3) vertical or slant path

to space. For the first scenario studied, the sensor is

looking from space to earth, thus ITYPE=2 is chosen. It

happens that ITYPE=3 gives the same geometrical results for

scenario 1. If the user is not sure which ITYPE to use, he

can pick one and check the geometry calculations in the output

file to ensure the program is doing what is intended. This is
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very important in some scenarios, particularly since there are

several ways to input the geometric parameters, as described

later.

I The next input, IEMSCT, determines what the program will

calculate. For each "mode" there are several outputs:

IEMSCT=O: Transmittance mode - frequency (cm'1),

I wavelength (Am), total transmittance, H20 transmittance,

CO2+ transmittance, ozone transmittance, trace

transmittance, N2 continuum transmittance, H20 continuum

transmittance, molecular scattering transmittance,

aerosol-hydrometeor (aer-hyd) transmittance, HNO3

I transmittance, and integrated absorption.

IEMSCT=l: Thermal radiance mode - frequency,

wavelength, atmospheric radiance (cm"  and Am),

integrated radiance, and total transmittance.

IEMSCT=2: Radiance mode with solar/lunar single

scattered radiance - frequency, wavelength, atmospheric

radiance (cm"I and Mm), path scattered radiance (cm"1 and

Am), ground reflected radiance (cm"I and Mm), total

radiance (cm"I and Mm), integrated radiance (cm-1), and

total transmittance.

IEMSCT=3: Directly transmitted solar irradiance -

frequency wavelength, transmitted solar irradiance (cm1

I and Mm), incident solar irradiance (cm'I and Mm), and

5integrated incident and integrated transmitted solar

irradiances (cm'), and the total transmittance.
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N Each mode gives an average transmittance; where applicable,

maximum and minimum radiances are also reported. (A much more

thorough explanation of the transmittance and radiance is

given in Chapter 2). For this scenario, IEMSCT=2 is used.

The next choice, IMULT, decides whether to use single or

multiple scattering. (This is obviously only used when

IEMSCT=I or 2). Multiple scattering, as discussed in the

background, is important when the particle density of the

atmosphere is high or when clouds are present. When the SALB

is higher, multiple scattering is more important because there

I is more reflected radiance to scatter. The multiple

scattering mode takes much longer to run than the single

scattering mode, so it is not used in this study (though

several runs are made to determine how much it does affect the

output, and specific cases where it becomes important are

I discussed). IMULT=O is generally used.

The next parameters, Ml through M6, and MDEF, are used to

supplement various profiles, but when the U. S. Standard

Atmosphere is chosen, they default to the model number (6 in

this case), and the U. S. Standard profiles are input by the

program. The next parameter, IM, defaults to 0 when an

atmospheric model is chosen; it just has to do with the

user-input profiles. When varying the relative and absolute

humidity profiles (other parameters may be changed as well),

however, MODEL=7 is chosen. In this case, the user is

prompted to input the pressure, temperature, water vapor,
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ozone, nitrous oxide, methane, and carbon monoxide amounts for

each of the number of atmospheric layers, which the user also

specifies. The user has a choice of several units for these

profiles. If the user wants to apply a user-defined profile

for several consecutive runs, on the second time through the

card generation he should choose MODEL=7 again and set IM=O;

* the program will then refer to the previously input profile

again without it actually being input again.

The next parameter, NOPRT, lets the user choose whether

or not to have all the atmospheric profiles in the output

i file. These profiles take an enormous amount of paper and

computer space, and are not necessary for this study, so

NOPRT=I is used.

The next two choices, TBOUND (boundary temperature - the

boundary is what is at the end of the path such as an

atmospheric layer, a cloud, or a target) and SALB (surface

albedo), are given only in the radiance modes (IEMSCT=l or 2).

The boundary temperature (OK) can be set to something that the

path intersects, such as a cloud or a target. If 0 is input

for TBOUND, the program defaults TBOUND to the temperature of

the atmospheric layer at the end of the path. At times, if

the path does not intersect a particular object, the program

will allow TBOUND = 00 without defaulting it. If one wants to

make TBOUND = 00K, (to get rid of the target thermal radiance

and have the program calculate only path thermal radiance

A4



discussed in the outputs-radiance section), TBOUND must be set

to 0.01. Several TBOUNDS are used in this study.

Surface Albedo is the reflection of the boundary, and

ranges from 0 to 1. (The definitions of albedo and

reflectivity are discussed in Chapter 2.) The input SALB is

I the average reflectivity over the specified waveband of

whatever is at the end of the path - target, vegetation,

water, etc. Emissivity is not input, but calculated as 1-SALB

by LOWTRAN7. If SALB = 0, then the surface is a blackbody,

and emissivity = 1. As a reference, the average surface

albedo of the earth ranges from about 0.3 to 0.5 (17).

Reflectivities for various surfaces such as snow, grass, and

coatings, are wavelength-dependent and may vary greatly;

averages can therefore be extremely rough estimates. For this

study the target reflectivity is assumed to be a constant 0.32

across both wavebands (not very realistic). The vegetation

background has a variable reflectivity, so it is input as

follows. The wavebands are broken up into subbands 5Am across

(which is chosen because the numbers on the graphs used are

most easily read in increments of 5Am), an average

reflectivity is assigned to each band, and each one is made a

separate run of LOWTRAN. Although this is a time-consuming

way to run the scenario, it is the only way to use a variable

* reflectively in the program at this time.
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Card 2

The first input in card 2 is IHAZE. This specifies the

aerosols in the boundary layer (0 to 2km). The choice made

also specifies a meteorological range (called VIS in the

program). One distinction that should be noted is the

difference between meteorological range and visibility. (Since

VIS stands for meteorological range, not visibility). The

correct mathematical expression for meteorological range is

i VIS=(-!) (in 1 ) Eq (25)

a eI
where a is an extinction coefficient and c is the threshold

contrast (16). Visibility is defined as "the greatest

distance at which it is just possible to see and identify with

the unaided eye: (a) in the daytime, a dark object against

i the horizon sky; and (b) at night, a known moderate intensity

light source" (6). If the user knows only the visibility, he

can convert it to meteorological range using Equation 26 (6):

3 VIS=visibility*(1.3 +/- 0.3) Eq (26)

I
The choices for IHAZE are as follows:

0=no aerosol extinction

1=rural extinction, VIS=23 km

I 2=rural extinction, VIS=5 km

3=Navy Maritime extinction (VIS depends on input

wind and relative humidity that will
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consequently be prompted)

4=maritime extinction, VIS=23 km

5=urban extinction, VIS=5 km

6=tropospheric extinction, VIS=50 km

7=user defined extinction - triggers subsequent

cards

8=fogl (advective) extinction. VIS=0.2 km

9=fog2 (radiative) extinction, VIS=0.5 km

10=desert extinction (VIS is calculated from the

wind speed, WSS, input).

For the baseline scenario, IHAZE=1 is selected.

I The next input parameter, ISEASN, determines the seasonal

aerosol profile for tropospheric and stratospheric aerosols

(2-10km and 10-30km, respectively) (6). The choices are:

0=defaults to the model

MODEL=0,1,2,4,6,7 gives spring-summer

MODEL=3,5 gives winter

l=spring-summer

2=fall-winter

ISEASN=O is used in this study.

I The next input is IVULCN, which determines the aerosol

* profile and the type of extinction for the stratosphere and

above the stratosphere to 100km. The choices for IVULCN are

shown on page 24 of the LWTRAN7 Technical Report (6).

IVULCN=0 is chosen for this scenario.
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ICSTL is the next input parameter, which is only used

with the Navy Maritime model. It describes the air mass

character from the open ocean (ICSTL=l) to strong continental

influence (ICSTL=IO).

The next input is ICLD. This parameter gives the user a

I choice of no clouds, clouds, cloud models, or clouds with

rain. The type of cloud, its base and top height, and the

amount of rain for each choice are specified in the choices

presented. If a cloud model is chosen, the user is prompted

for more inputs to specify the cloud characteristics. ICLD=O

is used for this scenario, because any amount of clouds, rain,

or fog makes the transmittance go to 0 in the case being

studied.

The next input is VSA, or the Army Vertical Structure

Algorithm, which describe3 aerosols in the boundary layer.

* This allows the user to input a more detailed profile in the

bottom two kilometers of the atmosphere. This option is not

used in the present study.

The next choice, VIS, allows the user to input some

meteorological range other than that defined by the choice of

IHAZE. If this is input as a non-zero number, then it will

override the VIS in the IHAZE choice.

WSS, the current wind speed in m/s, is only necessary

when the Navy maritime model or the desert model is chosen.

When the desert is chosen in this study, WSS values used are

5 and 20 m/s. In the desert case, the VIS is calculated from
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H this input windspeed, as long as the VIS input is set to 0.

If WSS=O when the desert model is used, the default VIS (sea

level meteorological range) is 75.711km. The higher the

windspeed, obviously the lower the meteorological range.

WHH, the 24-hour average wind speed, is only used for the

Navy maritime model, so it is not used in this test.

The next parameter is the rain rate, RAINRT, in mm/hr.

When clouds are present (chosen in ICLD), the rain in the

model decreases linearly to the cloud level. When no clouds

are specified, the rain rate is constant up to 6km. This

option is not used in the present study.

The final parameter on Card 2 is GNDALT. GNDALT selects

the altitude above sea level of the ground. When the ground

altitude is raised, the aerosol profiles of the lowest 6km of

the atmosphere are compressed into the space between the

I ground altitude input and 6km above sea level (15). This may

result in significant pressure differences.

Card 2 has several subcards, such as to specify cloud

parameters when cloud models are chosen, or to specify more

parameters for the Army Vertical Structure Model, but none of

these are used in this study.

Card 3

This card describes the geometry of the scenario.

Several combinations of inputs can be used--it is not

necessary to specify every parameter--and a good explanation
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of which parameters to specify under which circumstances is

given in the LOWTRAN7 Technical Report, page 36 (6).

The geometry parameters are: Hi (initial altitude, or

sensor), H2 (final altitude or tangent height, or target),

ANGLE (initial zenith angle measured from HI), RANGE (path

length), BETA (earth center angle, subtended by H1 and H2),

and RO (radius of the earth at point of calculation). Default

RO's are given on page 35 of the LOWTRAN7 technical report.

LOWTRAN7 geometry is shown in Figure 26. (All angles are in

degrees and distances are in kilometers) (8).

ANGLE

PSI GESENSOR

PHI H1

T BETA

RO

EARTH

Figure 26 LOWTRAN7 GEOMETRY
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For geometry 1, the inputs are: Hl=7km, H2=Okm, and

BETA=0.20 . LOWTRAN7 calculates the rest of the geometry to

be: ANGLE=107.550 , RANGE=23km, and Bending=0.0260 . The range

* varies because the different atmospheric conditions cause

different amounts of refraction.

In scenario 2, the inputs are: Hl=18km, H2=0km, and

ANGLE=180 0 . LOWTRAN7 calculates: RANGE=I8km, BETA=00 , and no

bending, as the path is vertical (8).

According to the LOWTRAN7 manual, whether or not the

refractive bending of the path is considered depends on which

inputs are specified, and is explained on page 36 of the

LOWTRAN7 Technical Report (6). This has been changed,

however, in the LOWTRAN7 version of the program. Now the

refractive bending of the path is calculated for all cases,

regardless of the input choices (15).

The final parameter in this card is LEN, which is only

necessary (and only prompted) in certain geometrical

situations. Suppose Hl and H2 are specified as shown:

Figure 27 THE LEN OPTION
All



In this case, there are two possible paths the program could

use to reach the given final altitude H2. The user can choose

LEN = 0 for the short path or LEN = 1 for the longer path.

This option can be confusing, and it seems that when in doubt,

the user should choose 0 and check the geometry calculations

in the output. (The LEN option will occur specifically when

HI>H2 and ANGLE > 900 are specified.) LEN is set to 0 for

this study.

Cards 3A1 and 3A2

Since solar and lunar radiance is chosen in this study

(IEMSCT = 1), there are several alternate cards that prompt

the user for inputs describing the geomery of the solar/lunar

source with respect to the sensor-target geometry. These

inputs will be discussed in the order they are prompted by the

card generator for this scenario.

Card 3A1

The first parameter is TPARM, and it controls how the

user will specify the solar/lunar geometry (6). There are

several input requirements for each choice (0, 3, or 2), but

for this case the easiest to use is IPAR. - 1.

The next input, IPH, determines which aerosol scattering

phase function will be used, and IPH = 1 is chosen troughout

this study since it requires no additional inputs. IPH=i is

the Mie scattering function, and the database for it is built

into the LOWTRAN7 program.

A12



The day of the year, IDAY, is the next input. Days 79

and 80 are used in this study, since they are around the

vernal equinox. Day 79 makes the subsolar latitude -.46&N and

the subsolar longitude 358.130W. Day 80, or March 21, makes

the subsolar latitude -.070N and the subsolar longitude

358.20W, so the sun is not actually directly overhead in any

of these tests, but it is very close. The next choice is

ISOURCE = 0 or 1, where P is the sun and 1 is the moon.

Card 3A2

The inputs of card 3A2 are determined by which value of

IPARM has been selected. (If the source is the moon, IPARM=O

must be chosen.) When IPARM = 1, the inputs are the

observer's latitude and longitude, the time of day (Greenwich

time), and the path azimuth east of north.

To obtain maximum radiance, the target's location is 00

latitude, 00 longitude, 00 east of north, and 12.00 Greenwich

time, which is at the equator on the prime meridian at 12:00

noon when the sun is almost directly overhead.

Card 4

Card 4 allows the user to choose what waveband the

calculations will be performed in and what step sizes will be

used. There are only three inputs: Vl (initial wavenumber in

cm'1), V2 (final wavenumber, which must be larger than Vl), and

DV (frequency increment, or step size). The resolution is

always 20cm'1 ; the DV just allows the user to choose the
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increments of the output wavenumbers. All three inputs are

3eset to the nearest 5 cm"1 by the program.
All of these inputs must be in inverse centimeters

(wavenumbers):

(27)

To convert from wavelength (in Mm) to wavenumber (in cm-1):

1 *104=wavenumber Eq (28)
wavelength

Also

A v s A_- 
Eq (29)

i2

so the average Al is X2Av, where Av is DV.

Card 5

Card 5 gives the user the option of making other input

selections in the same file or ending the card generation for

that file (IPRT).

Once the inputs are generated, one way to alter them to

make a new input file is to simply put them in an editor and

edit which parameters the user wants to change. The other

option is to redo the card generation. When looking at the

input files (.IN7), nothing is labelled, but the inputs are in

the order in which they are prompted, and each card has its

I own line (if the screen is wide enough). It is useful,

3 therefore, to keep a technical report handy while editing

these files.
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Appendix B: Sources of InformationI
To really learn when and how to run and use the program,

3 the user may need several of the following references. AFGL

has published a technical report with each version of the

I LOWTRAN model. Each technical report assumes that the user

knows what is in all of the preceding technical reports, so

the user may have to refer to more than one of them to get

desired information. Many of the equations that are changed

in the program do not get changed in the technical reports,

I and the user should be aware of this fact. There are also

several other technical reports, many of which are mentioned

in the references of this study, that the user may find

helpful. For example, the technical report, AFGL Atmospheric

Constituent Profiles (12), contains the atmospheric profiles

for the various model choices used in LOWTRAN7, along with

other possibly useful information. Another helpful source is

the Handbook of Geophysics and the Space Environment (13). A

very good source of information is the individuals who wrote

it, and the people who have used it a lot (such as Air Force

Staff Meteorologists, etc.).
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Appendix C: Figures and Tables of Data
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Table C1

Average Contrasts (%) Calculated
When Varying Relative Humidity

in Scenario 1. 3.3-4.2 and 8-12 Bands

Relative InSb InSb PtSi PtSi HgCdTe HgCdTe
Humidity Day Night Day Night Day (8- Night
Increase (3.3- (3.3- (3.3- (3.3- 12) (8-12)
from 4.2) 4.2) 4.2) 4.2)
Standard
Atmosphere

10% 46.84 22.81 50.70 23.69 19.06 19.24

20% 46.09 22.80 49.99 23.89 16.99 17.16

30% 45.27 22.04 49.10 22.93 14.99 15.14

40% 44.44 21.63 48.31 22.65 13.04 13.16

48% 43.57 21.07 47.42 21.97 11.51 11.62
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Average Contrasts (%) Calculated
When Varying Absolute Humidity in Scenario 1

Absolute InSb InSb PtSi PtSi HgCdTe HgCdTe
Humidity Day Night Day Night Day (8- Night
Increase (3.3- (3.3- (3.3- (3.3- 12) (8-12)
from 4.2) 4.2) 4.2) 4.2)
Standard
Atmosphere

10% 47.75 23.65 51.61 24.69 21.52 21.74

20% 47.48 24.04 51.36 25.19 20.66 20.86

30% 47.14 23.62 50.98 24.74 19.78 19.97

40% 46.95 23.40 50.79 24.49 18.92 19.10

50% 46.51 22.76 50.34 23.62 18.03 18.19
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Appendix D: Terms and Definitions

The following is a list of terms used throughout this
paper.

-- Background - The mateeial surrounding the target. A
mixture of v-tations and snow are the two
backgrounds used in this study. They are assumed
to be homogeneous across the footprint of the
sensor.

I Boundary - Anything that is at the end of the path.
This could be a target, boundary, cloud,
atmospheric layer, etc., or a mixture of any of
the above.

Change in Signal (CS) - A figure-of-merit used in this
study to evaluate the non-imaging system. The
difference between the output signal when the
target is in the field-of-view divided by the
signal when the target is not in the
field-of-view.

Contrast - A figure-of-merit used to evaluate the
imaging system in this paper. The difference
between output signal due to the target and the
output signal due to the background divided by the
output signal due to the target.

Detection System (Sensor) - Composed of an equivalent
lens and a detector or an array of detectors. The
lens focuses radiation onto the detector(s), and
electrons are photoexcited to produce current.

Field-of-View - The volume of space the detector
"sees".

Footprint - The area on the ground or at the end of the
path that the detector "sees".

Imaging System - Utilizes a lens and more than one
detector. In this paper it is assumed that the
target is large compared to the field-of-view of
one detector (or the instaneous field-of-view).

Non-Imaging System - Utilizes a lens and a single
detector. In this paper it is assumed that the
target is small compared to the field-of-view of
the detector.

D1
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* Path - The stretch of space between a sensor and the
boundary.

Radiance - In this paper 'radiance' refers to the
amount of radiance that reaches the sensor from
some source after travelling across some path, or
the transmitted radiance. All LOWTRAN7 'radiance'
outputs are actually transmitted radiances.

I SCR (Scaled Count Rate) - Count of the photoexcited
electrons in the detector when radiation is
incident upon it.

Sensor - Composed of an equivalent lens and a detector
or an array of detectors. The lens focuses
radiation onto the detector(s), and electrons are
photoexcited to produce current.

TarQet - The object that the sensor is trying to detect
or discriminate.

Transmittance - The fraction of radiation from one
point in space that reaches another point in
space.

I
I
I

* D2
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